The mechanism of the nonlinear concentration dependence of intestinal absorption of (1→3)-b b-D-glucan was studied using in situ rat intestinal perfusion, as well as the in vitro Ussing-type chamber method mounted with rat intestinal tissue. The intestinal absorption rate constant of a (1→3)-b b-D-glucan, laminaran, evaluated by the loop method increased significantly with increasing concentration of laminaran up to 0.5 m mM in a nonlinear fashion and tended to decrease at higher concentrations. Mucosal-to-serosal directed permeation of the laminaran across rat ileal sheets evaluated by the in vitro Ussing-type chamber method also decreased in a dose-dependent fashion. Serosal-to-mucosal directed permeation decreased in a concentration-dependent manner. In addition, the serosal-to-mucosal flux was reduced in the presence of metabolic inhibitor, 2,4-di-nitrophenol. These results suggest that laminaran is secreted into the intestinal lumen predominantly by the efflux transporting system. We conclude that intestinal transport of (1→3)-b b-D-glucan involves specialized transporter or something similar in both absorptive and secretory directions, and complex nonlinear intestinal absorption characteristics can be ascribed to the participation of multiple transport mechanism.
(1→3)-b-D-Glucan is a constituent of the cell wall or a reserved polysaccharide of algae, eumycetes, and higher plants. On the other hand, higher animals including mammal do not have any enzyme to synthesize or hydrolyze this type of glucan. 1) The glucan is involved in a variety of host-defense biological responses, such as host-mediated antitumor activity in vertebrate, activation of the alternative pathway of the complement system, activation of the prophenoloxidase activating system in arthropods, and activation of the coagulation system of limulus amebocyte lysate (LAL).
Measurement of (1→3)-b-D-glucan in blood by use of LAL based reagent is an aid in the diagnosis of invasive fungal diseases in humans. [2] [3] [4] [5] As the blood (1→3)-b-D-glucan concentrations in healthy volunteers or patients with no fungal infection were almost less than the cut-off value of each reagent kit, 3, 6) it is believed that the dietary glucan is not absorbed in blood stream from digestive tract. The possibility of absorption of oral administrated (1→3)-b-D-glucan into blood stream, however, has been reported in a certain clinical case with no possible fungal infection 7, 8) and in the experiment where fluorescently labeled glucan was used in rat. 9) In this study, we investigated the absorptive and secretory transporting system of intact laminaran as (1→3)-b-D-glucan in rat intestine and revealed participation of its multiple transporting mechanisms.
MATERIALS AND METHODS
Materials Laminaria digitata laminaran, primarily poly(1→3)-b-D-glucose with some (1→6)-b-interstrand linkages and branch points with weight-average molecular weight of 7700, 10) fluorescein isothiocyanate dextran 40000 (FD-40) and 2,4-dinitrophenol was purchased from Sigma (St. Louis, U.S.A.). All other chemicals were commercial products of reagent grade.
Measurement of Intestinal Absorption by in Situ Loop
Method Intestinal absorption of laminaran was evaluated by the loop method. 11, 12) The ileum of male Wistar/ST rats weighing 200 to 250 g (Japan SLC, Hamamatsu, Japan) was exposed by middle line abdominal incision, and two Lshaped glass cannulas (i.d. 2 mm, o.d. 4 mm) were inserted through small slits at the proximal and distal ends (7 cm). The proximal end and distal end of the cannulas were inserted into the point of 12 cm and 5 cm above from cecum, respectively. Each cannulas was secured by ligation with a silk suture, and the intestine was returned to the abdominal cavity to maintain its integrity. A 4-cm portion of Tygon tubing (i.d. 3 mm, o.d. 5 mm) was attached to the exposed end of each cannula, and a 10-ml hypodermic syringe fitted with a connect tube and containing perfusion solution warmed at 37°C was attached to the proximal cannula. To clear the gut, saline was passed slowly through it to the distal cannula and discarded until the effluent was clear. The remaining perfusion solution was carefully expelled from the intestine by means of air pumped through the syringe, and 5 ml of laminaran solution was immediately introduced into the intestine. The distal cannula was connected to a 10-ml syringe fitted with a three-way stopcock. At 15, 30, 45 and 60 min after administration of a drug solution, a 0.5-ml aliquot of luminal solution was removed through the attached syringe. The test solution was composed of 126 mM NaCl, 5.0 mM KCl, 1.4 mM CaCl 2 , 3.5 mM NaHCO 3 , 4.85 mM NaH 2 PO 4 · 2H 2 O, 0.95 mM Na 2 HPO 4 and 2 g/l D(ϩ)-glucose at pH 6.5, and the solution was gassed with 95% O 2 /5% CO 2 before and during the transport experiment. Laminaran concentration in the solution was determined quantitatively with Glucatell, (1→3)b-D-glucan measuring kit (Associates of Cape Cod, Inc., MA, U.S.A.), using pachyman as a standard substance. This test kit utilizes limulus factor G which is highly specific to poly-(1→3)-b-D-glucosidic residues, 3, 6) and can quantify at least 100 pg/ml laminaran, that is about 13 pM, in the sample solution. In the assay addition-recovery ratio was made sure to be within 80-120%; otherwise the sample was diluted by distilled water to overcome the inhibition or enhancement. The absorption rate constant was evaluated from the slope of decline of the concentration in the luminal fluid with time.
Here, the change in volume of water in the intestinal lumen was corrected by the measurement of the change of concentration of unabsorbable marker, fluorescein isothiocyanate dextran 40000 (FD-40), administered simultaneously with laminaran. To our knowledge, no data on whether the intestinal absorption of FD-40 is mediated by specific membrane transporter are available. We confirmed that no changes were observed in the concentration of laminaran in ileal perfusate, irrespective of the presence or absence of FD-40. The concentration of FD-40 used in this study was 0.1%.
Transport Experiments by Ussing-Type Chamber Method Rat ileal tissue sheets were prepared as described previously. 13) Tissue preparation, consisting of the mucosa and most of the muscularis mucosa, was made by removing the submucosa and tunica muscularis with fine forceps. Tissue sheets were mounted vertically in an Ussing-type chamber that provided an exposed area of 0.75 cm 2 . Volume of bathing solution on each side was 11 ml, and the solution temperature was maintained at 37°C in a water-jacketed reservoir. The test solution was composed of 126 mM NaCl, 5.0 mM KCl, 1.4 mM CaCl 2 , 3.5 mM NaHCO 3 , 4.85 mM NaH 2 PO 4 · 2H 2 O, 0.95 mM Na 2 HPO 4 and 2 g/l D(ϩ)-glucose at pH 6.5, and the solution was gassed with 95% O 2 /5% CO 2 before and during the transport experiment. The concentration of laminaran in test solution on each side was determined in the same method as described above. To examine the effect of 2,4-dinitrophenol (DNP), the mucosal reservoir was filled with test solution containing 1 mM DNP. The pH of test solution containing DNP was adjusted to 6.5 using sodium hydroxide. The samples were taken from the acceptor side at intervals of 10 min. Permeation clearance was obtained as follows: permeation clearanceϭ(dQ/dt)/(AϫC 0 )
The dQ/dt is the transport rate (mg/min) and corresponds to the slope of the linear regression line between the transport amounts and time. C 0 is the initial concentration in the donor chamber (mg/ml), and A is the area of the membrane (0.75 cm 2 ).
RESULTS

Concentration Dependence of Intestinal Absorption of Laminaran in Rats
The relationship between the firstorder absorption rate constant and laminaran concentration was evaluated by the loop method. When 0.05 to 5 mM laminaran was perfused into the intraileal loop, the intestinal absorption rate was changed nonlinearly as shown in Fig. 1 .
There was an increase of intestinal absorption rate from 0.05 to 0.5 mM, and then a decrease until 5 mM. The absorption rate constants at 5 mM was significantly higher than that at 0.05 mM (pϽ0.05). This result suggests that at least two nonlinear events are involved in the intestinal absorption of laminaran.
The transport of laminaran in rat intestinal tissue was fur-ther examined by using the Ussing-type chamber method. Permeation of increasing concentrations of laminaran across a rat ileal sheet was measured in the mucosal-to-serosal and serosal-to-mucosal directions, and the permeation coefficient was obtained as the slope of the time course of appearance of intact laminaran either in serosal or mucosal bathing solution, respectively. As is clearly shown in Fig. 2 , the serosalto-mucosal permeation coefficient significantly decreased in a concentration-dependent manner, whereas the mucosal-toserosal permeation coefficient was significantly lower than that in the serosal-to-mucosal direction at all concentrations. Furthermore, in the presence of 1 mM DNP, the serosal-tomucosal transport of laminaran significantly decreased.
DISCUSSION
The concept that carrier-mediated intestinal absorption and luminal secretion mechanisms as well as intestinal tissue metabolic activity regulate the bioavailability of various drugs has been established previously. 14, 15) Such a saturable physiological mechanism may sometimes produce nonlinear pharmacokinetic phenomena. The results obtained in the present study represent the first evidence to our knowledge that a complex pattern of nonlinear bioavailability of (1→3)b-D-glucan is indeed generated by interaction of intestinal absorptive and secretory transport systems, when the glucan 1296 Vol. 32, No. 7 concentration in the intestinal luminal fluid is outside the range where these systems operate linearly.
Intestinal absorption of laminaran assessed by the in situ loop method in rats exhibited distinctive nonlinearity, which showed a significant increase of apparent first-order absorption rate constant at drug concentration of 0.5 mM when compared with that at 0.05 mM, and then a decrease at higher concentration of 5 mM (Fig. 1) . Because the disappearance of intact laminaran from the intestinal luminal fluid was measured in this experiment, the observations could be accounted for by saturable secretory and absorptive transport mechanisms, but not by saturation of metabolism or by a solubility limitation. Absorptive-directed (mucosal-to-serosal) flux of laminaran across ileal tissue preparations mounted on an Ussingtype chamber decreased with increasing up to 5 mM (Fig. 2) . This result is consistent with that obtained above by the in situ loop method, and both can apparently be explained by participation of a saturable secretory mechanism. This hypothesis is further supported by the measurement of serosalto-mucosal flux by the Ussing-type chamber method, which showed a marked decrease in permeation coefficient with increase of laminaran concentration (Fig. 2) . The break point observed in Figs. 1 and 2 was between 0.5 and 5 mM in both experiments, although the Ussing-type chamber method did not exhibit an increase of flux at the lower concentration (less than 0.5 mM) (data not shown) than observed in the in situ loop method (0.05-0.5 mM). This small difference may be ascribed to the difference in thickness of the unstirred water layer in these experimental systems, because the loop method is expected to show a thicker unstirred water layer than that in the isolated ileal sheet chamber method.
In the previous study using Ussing-type chamber, we showed that the permeability of fluorescein isothiocyanate dextran 4000 (FD-4), a water soluble and high molecular probe, is greater in the serosal-to-mucosal flux than mucosalto-serosal flux. 16) FD-4 is a dextran polysaccharide that consists of repeating D-glucose units connected by a-glycoside linkages. The polarized serosal-to-mucosal flux of FD-4 but not Lucifer yellow (LY) was inhibited when excess dextran 10000, a structurally similar polysaccharide, was added to the buffer bathing. 16) Together, these findings suggest the possibility that at least two distinct polarized transport system, one of which shows some degree of substrate specificity for dextrans. We also considered the possibility that the polarized transport of laminaran and FD-4 was mediated by membrane traffic (i.e., fluid-phase transcytosis). This notion is not a novel concept. Using primary cultures of canine proximal tubular renal epithelial cells, Goligorsky and Hruska reported that the flux of LY, which is generally regarded as a marker for fluid-phase endocytosis, is 3-fold greater in basal-to-apical flux than in the apical-to-basal flux. 17) In contrast, Pantzar et al. reported that the net rate of fluid-phase transcytosis of [ 3 H]inulin across cultured MDCK epithelial cells is approximately equal in both directions, even though the basolateral endocytotic rate is 6-fold greater than the apical rate. 18) In our study, we observed that mucosato-serosal and serosal-to-mucosal fluxes of laminaran are nonlinear transport on the concentration of the laminaran in the donor chamber. These findings are consistent with transport in both fluxes occurring as a result of membrane traffic, and paracellular permeation, or a combination of both processes. Accordingly, our results are insufficient to entirely exclude the possibility that polarized fluid phase transcytosis (or some other nonsaturable process) contributed to the vectrial transport of laminaran.
In conclusion, laminraran, a (1→3)-b-D-glucan, showed nonlinear intestinal absorption with an increase at the lower concentration ranges and subsequent decrease at higher concentration range in absorption. Such nonlinearity can be explained by the operation of absorptive and secretory transporters or something in the intestine, although the secretory and the absorptive transporters have not been identified yet. Clarification of the mechanistic and kinetic features of nonlinear intestinal absorption of (1→3)-b-D-glucan is important for investigation of its abnormal high blood concentration in humans without invasive fungal infection.
